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ARTICLE INFO ABSTRACT

Keywords: Human recreation influences the diel activity of animals and elucidating these responses informs management of
Mountain lion (Puma concolor) species of conservation concern. We studied how mountain lions (Puma concolor) persisting in greater Los
Urban wildlife Angeles, California, USA adjust diel activity patterns in response to spatial and temporal variation in human
g:le l;rt(i’:f;er recreation by combining publicly available data on recreation with GPS telemetry and accelerometer data.
Recreation Mountain lions reduced diurnal activity, shifted timing of dawn activity, and became more nocturnal in areas

with high recreation. There were differences in temporal responses between the sexes that might reflect
behavioral shifts by females to avoid potentially dangerous male conspecifics. We found no evidence that
mountain lions modified their behavior based on differences in recreation between weekdays and the weekend.
The lack of a weekend effect may be a function of mountain lions being mostly nocturnal, which may be suf-
ficient to avoid most recreation regardless of intraweek variation. Mountain lions have persisted within greater
Los Angeles despite being limited spatially in this human-dominated landscape. Our work suggests that mountain
lions are also constrained temporally through shifts in their diel activity.

Weekend effect

1. Introduction foraging strategies or inefficient space use (Frid and Dill, 2002; Smith

et al., 2017; Nickel et al., 2021), elevated stress levels (Creel et al.,

Humans impact wildlife behaviors at a global scale via recreational
activities including hunting, hiking, biking, and driving vehicles
(Gaynor et al., 2018; Doherty et al., 2021). As outdoor recreation grows
in popularity (Larm et al., 2020), there is increasing interest in under-
standing the impacts of non-motorized and non-lethal recreation on
wildlife behavior, in part because recreation often takes place in pro-
tected areas that serve as refuges for animals (Baker and Leberg, 2018;
Anderson et al., 2023). The presence of humans causes many animals to
alter their movements, space use, and patterns of diel activity where and
when recreation is high (Larson et al., 2016; Lewis et al., 2021). Such
behavioral adjustments may have energetic, physiological, and ulti-
mately demographic consequences caused by altered hunting or
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2002), altered reproductive behaviors (Giese, 1996), and even local
extirpation (Longshore and Thompson, 2013). Thus, understanding the
impacts of recreation on wildlife behavior is essential for developing
conservation and management strategies that support persistence of
wildlife populations in multi-use landscapes (Baker and Leberg, 2018).

Recreation is dynamic in space and time, forcing animals to be
flexible in their behavioral responses. Where recreation is spatially
variable, wildlife may move to avoid areas of high human recreation
(Ladle et al., 2019). In areas where there is no spatially variation in
recreation but intensity is consistently high, wildlife may increase
nocturnal activity (Nickel et al., 2020). Wildlife also adjust to temporal
variation in recreation, as evidenced by the COVID-19 pandemic; when
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protected areas were closed to humans during the pandemic, some
species moved less or shifted timing of activity to be more diurnal
(Benson et al., 2021; Anderson et al., 2023). Further, on weekends when
recreation is higher as compared to weekdays, animals may avoid areas
used for recreation, shift space use and foraging behavior, and change
overall activity levels and timing of activity, referred to as the “weekend
effect” (Stalmaster and Kaiser, 1998; Longshore and Thompson, 2013;
Nix et al., 2018). Responses to recreation are thus contingent on the
environmental and disturbance context, in addition to species-specific
traits including habitat requirements and tolerance of people (Larson
et al., 2016; Ladle et al., 2019; Lewis et al., 2021).

Globally, mammals have increased nocturnal activity in response to
a wide-range of human disturbances, including recreation (Gaynor et al.,
2018; Green et al., 2023). Further, in landscapes with high levels of
human recreation, not only are many animals more nocturnal overall,
but species that are primarily active during crepuscular times often shift
to be more nocturnal (George and Crooks, 2006; Nickel et al., 2020;
Lewis et al., 2021). Similarly, during times of diminished human pres-
ence or persecution, wildlife increased their diurnal activity (Anderson
et al., 2023). Thus, given strong responses of animals to human impacts
and the dynamic nature of human recreation, diel activity by wildlife
should be plastic in response to spatiotemporal gradients of recreation.

Navigating the impacts of human recreation may be particularly
demanding for large carnivores in urban areas. Recreation is likely high
in and around cities because of large human populations (Nix et al.,
2018) and urban landscapes are characterized by less undeveloped area
overall, forcing animals to share these spaces with people and adapt to
dynamic patterns of recreation. Responding to perceived risk from rec-
reation alters essential carnivore behaviors, including space use and
timing of activity (George and Crooks, 2006; Lewis et al., 2021) and
cities already pose specific challenges for large carnivores, given the
large space requirements, potential for conflict with humans, and
aversion to humans by these species (Nisi et al., 2022). Thus as urban
human populations and recreational activities grow, the conservation of
urban-adjacent large carnivores and their coexistence with humans de-
pends on understanding how they respond to spatiotemporal variation
in recreation (e.g., Corradini et al., 2021).

We investigated diel activity patterns of an apex carnivore, the
mountain lion (Puma concolor), relative to variation in human recreation
in space and time in and around the megacity of Los Angeles, a metro-
politan area of >18.5 million people (U.S. Census Bureau, 2015). We
hypothesized that to reduce encounters with humans, mountain lions in
urban areas are plastic in diel activity and respond to both spatial and
temporal variation in recreation. Specifically, we analyzed accelerom-
eter and GPS data to examine how mountain lions modified patterns of
diel activity in response to variation in recreation 1) across a spatial
gradient of recreation measured using the Cumulative Outdoor Activity
Index (hereafter COI or recreation index), 2) temporally, between
weekdays and weekends, and 3) spatially and temporally, by examining
the interaction between COI and weekday/weekends. We predicted that
spatial patterns of human recreation would influence diel activity of
mountain lions whereby animals would be more active at night as
compared to during crepuscular times, have later and earlier peaks in
timing of dusk and dawn activity, spend less time active within a day,
have shorter periods of inactivity, and exhibit higher rates of switching
between active and inactive states in areas of high human recreation. We
also expected that in response to temporal patterns of recreation, diel
activity by mountain lions would show similar shifts and be most pro-
nounced on weekends, consistent with the weekend effect. Finally, we
predicted that mountain lions would respond to the interactive effects of
variation in recreation in space and time and that the diel activity pat-
terns described above would be strongest on weekends in areas of high
human recreation.
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2. Materials and methods
2.1. Study area

We studied mountain lions within Los Angeles and Ventura counties,
California, at Santa Monica Mountains National Recreation Area (NRA),
a unit of the National Park System, and surrounding areas (34°05'N,
118°46'W; Fig. 1). The study area comprised the Santa Monica Moun-
tains, the Simi Hills, the Santa Susana Mountains, the Verdugo Moun-
tains, and Griffith Park. Each of these patches of natural habitat were
bordered by major freeways, urbanization, agricultural development, or
the Pacific Ocean. The study population in the Santa Monica Mountains,
in particular, has been genetically isolated from nearby populations by
roads and urbanization (Riley et al., 2014; Gustafson et al., 2019), which
has increased local extinction risk (Benson et al., 2016a). Land-use was
variable across the study area, and included federal, state, and local
parklands, as well as residential, urban, and agricultural areas. Natural
vegetation in the study area consisted of mixed chaparral, coastal sage
scrub, oak woodlands and savannas, riparian woodlands, and non-native
annual grasslands. The only wild, large ungulates were mule deer
(Odocoileus hemionus), which are the predominant prey for mountain
lions in the region (Benson et al., 2016b). The climate of the study area
was Mediterranean, with cool, wet winters (November-April) and hot,
dry summers (May-October). The area is prone to drought and wildfire
(Gillespie et al., 2018), and data were restricted to the period before a
major wildfire that burned a large proportion of the study area within
the Santa Monica Mountains and Simi Hills (The Woolsey Fire, 8
November 2018).

2.2. Mountain lion capture

We captured and fitted combined global positioning system (GPS)
and accelerometer (activity monitor) collars to mountain lions as part of
a long-term study conducted by the National Park Service (2002-pre-
sent; Riley et al., 2021). During this study, we captured mountain lions
using foot cable-restraints (i.e., Aldrich foot snares), baited cage-traps,
or by treeing them with trained hounds. We immobilized mountain
lions with ketamine hydrochloride combined with medetomidine hy-
drochloride, administered intramuscularly. We estimated age at capture
based on body size and tooth wear measurements. For the time period
analyzed in this paper, we deployed Vectronic Aerospace GPS collars
(Berlin, Germany; Vertex Plus and Lite models) equipped with VHF
beacons on subadult (independent animals prior to reproduction: fe-
males 14-25 months, males 14-42 months) and adult (breeding animals:
females >25 months, males >42 months) mountain lions. Animal cap-
ture and handling procedures were permitted through a scientific col-
lecting permit with the California Department of Fish and Wildlife (SCP
# 05636) and the National Park Service Institutional Animal Care and
Use Committee (Protocol PWR_SAMO Riley_Mt.Lion_2014.A3). For this
study, we used location and activity data for 22 individual mountain
lions, collected over a 7.5-year period between 2011 and 2018. We
tracked 9 females (4 adults, 2 subadults) and 13 males (4 adults, 6
subadults), with 6 individuals tracked as both subadults and adults (3
females and 3 males; Supplementary Material, Fig. S1).

Fix schedules varied, but we programmed most collars to collect
eight locations per 24-h period (seven at night, one during the day). The
seven fixes at night were at 2-h intervals beginning at 17:00 Pacific
Standard Time (PST), and the day location was collected at 13:00 PST.
On average, 95 % of programmed fixes for the time period used in this
study were successful, with individual mountain lion fix rates ranging
from 70 % to 100 %. Collars also collected activity data on two axes (X:
anterior-posterior/surge, Y: lateral/sway), averaged across every 5-min
period. Activity measurements were 99 % successful on average. Prior to
analysis, we standardized activity measurements by dividing all values
for separate individuals and collars by the maximum recorded value
during the period the collar was worn by the animal, given collar
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Fig. 1. Locations of all mountain lions (n = 28 individual profiles from 22 individual animals; Supplementary Material, Fig. S2) tracked during the study from 7
March 2011 to 5 October 2018 at Santa Monica Mountains National Recreation Area, California, USA.

tightness can affect acceleration values measured by the sensor (Hetem

et al., 2019). Table 1

Metrics of mountain lion diel activity, including method of calculation.

2.3. Metrics of mountain lion diel activity

We used two approaches to characterize diel activity by mountain
lions: generalized additive models (GAMs) to characterize variability in
activity over the diel period (i.e., 24-h) and hidden Markov models
(HMMs) to characterize periods of activity and inactivity.

We used GAMs to estimate three activity metrics: a crepuscularity
index, which quantified how likely an animal was to be active during
crepuscular times as compared to nocturnal times, peak time of dawn
activity (peak dawn activity), and peak time of dusk activity (peak dusk
activity; Table 1). We used the mean of the standardized activity for each
axis (X and Y) of the collar activity data, as these axes were highly
correlated (R = 0.93). We fit a GAM to the activity data for each full
week of each individual profile, which provided the basis from which to
extract the three response variables of diel activity for each week that an
animal was tracked (individual profiles = 28, models = 2289, mean
weeks per individual profile = 82 + 13 SE; Fig. 2A). We used cyclic cubic
regression splines to model the relationship between activity and time of
day because this approach allows for periodic (circular) variables
(Wood, 2017). We fit the models beginning at midnight and beginning at
midday to ensure the start time did not produce different results. The
predicted activity from the two start times were highly correlated
(Pearson's correlation coefficient, R > 0.99), therefore we used models
starting and ending at midnight. To select the basis dimension (k) for the
splines, we visually examined relationships fit with k values of 10, 12,
15, 20 and 30 (Supplementary Material, Fig. S1). The complexity of the
relationship remained fairly consistent using k values >15, so we used k
= 30 to fit all models as a precautionary measure (Wood, 2017). We used
the generalized cross validation criterion to automatically estimate
smoothing parameters for each model (Wood, 2017) and used the mgcv
v1.8-40 package for all GAM-fitting (Wood, 2001). To estimate peaks in

Activity metric

Description

Method

Crepuscularity
Index

Peak Dawn
Activity (hours)

Peak Dusk Activity
(hours)

Proportion of Day
Active

Mean Inactive
Period
(minutes)

Activity State
Switches

Index measure from —1
(completely nocturnal) to
+1 (completely
crepuscular)

Peak in time of dawn
activity, in hours before
sunrise

Peak in time of dusk
activity, in hours after
sunset

Proportion of time within a
day an individual was active

Mean length of a period of
inactivity within a day

Number of times an
individual switched
between active or inactive
state within a day

The difference between the
peak activity during
crepuscular periods and the
peak activity during the
nocturnal period, divided by
the sum of these two peak
activity values.

Time of peak activity within
the dawn crepuscular period
(one hour before sunrise until
one hour after sunrise),
expressed as hours before
sunrise.

Time of peak activity within
the dusk crepuscular period
(one hour before sunset until
one hour after sunset),
expressed as hours after
sunset.

The number of 5-min periods
assigned to the active state,
divided by the number of 5-
min periods assigned to the
inactive state during the
daytime.

The mean of lengths (in
minutes) of uninterrupted
runs in 5-min periods assigned
to the inactive state during the
daytime.

The count of uninterrupted
runs in 5-min periods assigned
to either inactive or active
state during the daytime,
minus one.
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Fig. 2. Summary of mountain lion activity findings. (A) Mean diel activity for the 24-h period starting at 12 am for 22 individual mountain lions (9 females and 13
males; some individuals were tracked during both subadult and adulthood) tracked during the period from 7 March 2011 to 5 October 2018 at Santa Monica
Mountains National Recreation Area, California, USA (Supplementary Material, Fig. S2). Bold dashed lines show mean relationships for each sex and age class. (B-D)
Top models of the relationship between three activity metrics and a spatial gradient of human recreational activity (mean Cumulative Outdoor Index [COI]) for
individual mountain lions (n = 28 individual profiles from 22 individual animals). (B) Relationship between crepuscularity index (i.e., how likely an animal was to be
active during crepuscular times as compared to nocturnal times) and COI. A value of 1 reflects an animal that was completely crepuscular (no activity during the
night) and a value of —1 reflects an animal that is completely nocturnal (no activity during crepuscular periods). (C) Relationship between proportion of time within a
day an individual was active, COI, and sex. (D) Relationship between peak dawn activity, COI, and sex. Lines and shaded ribbons show fitted relationships and 95 %
confidence intervals. Points show means of observed data (mean values for each individual profile in each season), and bars are standard errors.

timing of activity from the GAMs, we first converted the time of peak
activity to a fraction (by dividing the time from midnight in minutes by
the 1440 min in a day), then found the sunrise/sunset time for the
middle day of that week (Thursday) and converted it to a fraction. We
calculated the crepuscularity index as the difference between the peak
activity during crepuscular periods and the peak activity during the
nocturnal period, divided by the sum of these two peak activity values
(Table 1). To estimate peak dawn activity, we subtracted the peak time
of dawn activity from the sunrise time so that we had positive values for
times that were longer before sunrise and negative values for times of

peak activity after sunrise. We estimated peak dusk activity in the same
way, using sunset time, so that peak times of activity after sunset had
positive values and peak times before sunset had negative values. The
weekly GAMs allowed us to estimate metrics of diel activity as predicted
by spatial variation in human recreation. To measure how diel activity
was influenced by temporal variation in recreation, we used a similar
approach but calculated two sets of metrics per week: a weekday metric
(Tuesday 6:00 PM to Thursday 6:00 PM PST) and a weekend metric
(Friday 6:00 PM to Sunday 6:00 PM PST).

We used hidden Markov models (HMMs) to classify each mountain



E.C. Bolas et al.

lion as being either “active” or “inactive” at 5-min intervals and esti-
mated three additional activity metrics during the day (i.e., from one
hour after sunrise to one hour before sunset): the proportion of time
within a day that individual mountain lions were active (proportion of
day active), the mean length of a period of inactivity within a day (mean
inactive period), and the number of switches between active and inac-
tive states per day (activity state switches; Table 1). For analysis of ac-
tivity data, for mountain lions that were tracked over both subadult and
adulthood, we parsed the data into individual profiles by age class. Thus,
of 22 animals, six individuals were tracked over both age classes,
resulting in a total dataset of 28 individual profiles. Given that we did
not have field observations to inform our estimations of behavioral state,
we used unsupervised HMMs to estimate two states approximating
“active” and “inactive” behavior (Leos-Barajas et al., 2017; see Supple-
mentary Material for further details). Metrics of mountain lion diel ac-
tivity were not highly correlated (|[R| < 0.6; Table S1), except for
proportion of day active and mean inactive period (R = —0.75).

2.4. Metrics of human recreation in space and time

We quantified human recreation in space using the Cumulative
Outdoor activity Index (COI) based on methods from Corradini et al.
(2021). The COI metric uses human activity data from the Strava Global
Heatmap (Strava, 2021), which is a crowdsourced, global database of
GPS-tracked recreational activities (i.e., hiking, running, cycling) that
users update to be made public. Instead of measuring human presence
based on structural proxies like infrastructure, COI provides a direct
estimate of recreation on an annual scale from individual humans on the
landscape (Corradini et al., 2021; see Supplementary Material for
further details). We estimated the area of space used by each individual
mountain lion and age class using local convex hulls (LoCoH), a method
that performs well when animal movement is constrained by barriers
like roads and urban areas (Getz et al., 2007). We used the adehabitatHR
v0.4.16 package (Calenge, 2006) to fit adaptive LoCoHs, where the “a”
parameter used the maximum number of nearest neighbors because all
those points were within the maximum distance between any two points
in the dataset. We then took mean estimates of the COI across the space
used by each mountain lion during the period for which we were
measuring diel activity (Supplementary Material, Fig. S2). This resulted
in 28 measurements of COI, one for each individual profile. The annual
average number of visitors to Santa Monica Mountains NRA was
consistent across our study period, giving us confidence in using these
COI estimates in this way (see Supplementary Material for further
details).

To measure temporal variation in recreation, we used periods
encompassing the weekend (Friday 6:00 pm PST to Sunday 6:00 pm
PST), representing times when we expected higher levels of human
recreation, and weekday (Tuesday 6:00 pm PST to Thursday 6:00 pm
PST), representing times when we expected relatively lower levels of
human recreation. We separated weekend and weekday into two-day
periods to measure the same length of time for both, to reduce auto-
correlation in movement between the two time periods, and to avoid
periods when people may occasionally take “long weekends” (e.g. Fri-
days and Mondays). These time periods are consistent with 2018 reports
from visitor surveys within Santa Monica Mountains NRA where 75 % of
survey respondents reported visiting the park on weekends compared to
37 % on weekdays and visitors spent nine more minutes in the park on
weekends compared to weekdays (UCLA Luskin Center for Innovation,
2020).

2.5. Analyzing the influence of spatial variation in human recreation

We used a mixed-effects meta-regression approach to model the re-
lationships between each metric of diel activity metric (crepuscularity
index, peak dawn activity, peak dusk activity, proportion of day active,
mean inactive period, activity state switches) and COI separately. Mixed
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effects meta-regression accounts for the uncertainty in estimates of
mean metrics of diel activity and weights means within the analysis
based on sample sizes. We therefore took the mean and variance for each
individual profile in each season (total = 56) as the effect sizes (yi) and
sampling variance (vi). We included individual profile as a random
intercept and COI, sex, age class, and season as moderators (predictors).
We assessed model fit and parsimony using an information theoretic
approach to compare models, allowing us to account for variability
among sexes, age-classes, and seasons (Supplementary Material, Table
S2). We ranked and compared models in two stages using Akaike's In-
formation Criterion for small samples sizes (AICc; Burnham and
Anderson, 1998). For each stage, we considered the model with the
lowest AICc to be the most strongly supported, and when multiple
models were within <2 AICc of the top model, we interpreted the
simplest (least number of parameters) model. For the first stage, we
compared models containing human recreation (COI) and additional
descriptors of individual animals (sex and age class) to the null model.
We then checked the top-ranked model from the first stage to evaluate
whether adding season (wet and dry) improved model fit (Table S2). We
used the metafor v. 3.4-0 package to fit all meta-regression models
(Viechtbauer, 2010) and used the MuMIn v.1.46.0 package to compare
models (Barton, 2022).

2.6. Analyzing the influence of temporal variation in human recreation

We used the dataset of weekday and weekend metrics of diel activity
for this analysis, and used the mean, variance, and sample size (number
of weeks) for both weekend and weekday periods for each week and
each individual profile, to estimate the effect size (yi), as the log
response ratio:

. (Xweekend>
yi=log| ="

weekday

Where Xeekenq is the mean of all weekend measurements for a given
metric, and )_(weekday is the mean of all weekday measurements for a given
metric. The sample variance was then estimated as per Hedges et al.
(1999):

SD2 + SD ‘%eekday

Vi = weekend

nWCEke"dXieekend nweekda}’xifeekday

Where SD?,,,., and SD? are the standard deviations for the

weekday
weekend and weekday measurements and Myeekeng and NMyeckday are the
sample sizes (number of weeks). The log response ratio is centered
around O where positive values indicate the measured metric has a
higher value on the weekend, whereas negative values indicate the
metric has a higher value on weekdays. We therefore refer to the effect
size of each metric as “the weekend effect of” that metric.

We used a meta-analytic approach to assess whether mountain lion
diel activity varied between weekdays and weekends, as a proxy for
temporal variability in human presence. We again fit mixed-effects
meta-regression models, with individual profile as a random intercept.
To test whether there was a difference in diel activity between weekdays
and weekends (i.e., the weekend effect), we built a full set of models that
included moderators of sex, age class, and season (Supplementary Ma-
terial, Table S2). We included an intercept-only (null) model which was
a test of global weekend effect, independent of other factors. We used
model comparison, as explained above, and considered the model with
the lowest AICc to be the most strongly supported (Supplementary
Material, Table S3). We also used a z-test to assess whether effect sizes of
weekend as compared to weekday were different from zero for each
metric in the intercept-only model (Supplementary Material, Tables S3
& S5).
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2.7. Analyzing the influence of the interaction in spatial and temporal
variation in human recreation

We used the models with the strongest support in predicting the
weekend effect from the previous step and added COI as a linear and
quadratic moderator to test for a linear or curvilinear relationship be-
tween the weekend effect of each metric of diel activity and COI, which
would indicate an influence of human recreation in both space and time
on mountain lion diel activity. We used model comparison with AICc, as
explained above, to assess whether these predictors explained further
variability (Supplementary Material, Tables S2 & S3).

2.8. Model validation

The most parsimonious models were validated (except where the
null model was retained) by running 1000 iterations of the model, with
10 % of the dataset removed each time (Supplementary Material, Fig.
S3).

3. Results

3.1. Influence of spatial variation in human recreation on mountain lion
activity

The level of recreation in our study area (as measured with COI)
ranged from 0.26 to 1.0. COI was retained in the most strongly sup-
ported models for every activity metric except for peak time of dusk
activity (Table 2). The highest levels of COI (~1) were measured within
Griffith Park (Fig. 1), which is a highly urban park featuring trails,
concert venues, and a zoo within 1740 ha. The lowest COI was measured
in the Santa Susana Mountains and the Los Padres National Forest, areas
with limited human access and infrastructure (Fig. 1).

The crepuscularity index was strongly influenced by COI (-0.19, 95
% CI = —0.32 to —0.06; Fig. 2B, Table 2; Supplementary Material, Table
S4, Fig. S3), indicating that in areas of higher human recreation,
mountain lions shifted their diel activity to become more nocturnal. The
most crepuscular individual in the study had a mean crepuscularity
index of 0.11 (more crepuscular) and the least crepuscular individual
had a crepuscularity index of —0.26 (more nocturnal).

The proportion of time during a day (from one hour after sunrise to
one hour before sunset) that mountain lions were active was also
strongly influenced by COI (—0.1, 95 % CI = —0.17 to —0.03; Fig. 2C,
Table 2; Supplementary Material, Table S4, Fig. S3), meaning that in
areas of higher recreation, mountain lions spent less time active during
daylight hours. Female mountain lions were overall more active during
the day than males. Mountain lions spent 25 % (females) and 15 %
(males) of the day active in areas with low recreation and 17 % (females)
and 8 % (males) of the day active in areas of high recreation.

We found marginal support for the prediction that COI influenced
peak time of dawn activity (0.38, 95 % CI = —0.05 to 0.81), mean length
of period of inactivity within a day (64.46, 95 % CI = —0.55 to 129.5),
and the number of switches in activity state within a day (3.46, 95 % CI
= —2.37 to 9.28; Fig. 2D, Table 2; Supplementary Material, Table S4,
Figs. S3-S5). The fitted relationship for peak time of dawn activity for
female mountain lions ranged from 21 min before sunrise in areas of low
recreation to 38 min before sunrise near higher recreation, and timing of
activity for males ranged from 43 min before sunrise around low rec-
reation to an hour before sunrise in areas of higher recreation. While the
mean length of a period of inactivity during the day varied with sex, age,
and growing season, across all groups the mean period of inactivity was
48 min longer in areas with high COIs as compared to low COIs. The
number of times a mountain lion switched between active and inactive
state varied with sex, age, and growing season. Across all groups, in-
dividuals switched between activity states 2.6 more times in high COI
areas than in low COI areas.

We found no evidence that human recreation influenced peak time of
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Table 2

Spatial gradients in recreation — Model comparison from mixed-effects meta-
regression models analyzing how a spatial gradient of human recreation in-
fluences diel activity of mountain lions (n = 28 individual profiles from 22 in-
dividual animals) in Santa Monica Mountains National Recreation Area,
California, USA. Models were ranked and compared using AICc. Model com-
parison was done in two stages: the first stage compared models containing
human recreational activity (COI) and additional descriptors of mountain lion
individuals (sex and age class), and the second stage took the top model from the
first stage and added season.

Activity metric Formula df  AlCc AAICc  Weight
Crepuscularity ~ COI + Sex 4 -157.23 0 0.44
Index ~ COI 3 —156.98  0.25 0.39
~1 2 —153.64  3.59 0.07
~ COI + cor? 4 -151.72  5.51 0.03
~ COI + Sex + Age 5 —151.65 5.58 0.03
~ COI + Age 4 -151.25 5.99 0.02
~ Season (wet, dry) 4 —151.05 6.19 0.02
+ COI
~ COI + Sex * Age 6 —145.61 11.63 <0.01
Peak Dawn ~ COI + Sex 4 39.08 0 0.43
Activity ~ COI + Sex + Age 5 40.39 1.32 0.22
~ Season (wet, dry) 5 41.33 2.26 0.14
+ Sex + COI
~ COI + Sex * Age 6 42.53 3.45 0.08
~ COI 3 42.91 3.84 0.06
~ COI + Age 4 44.35 5.27 0.03
~ COI + COI? 4 44.41 5.33 0.03
~1 2 48.66 9.58 <0.01
Peak Dusk Activity ~1 2 -14.41 0 0.69
~ COI + Sex 4 -11 3.41 0.13
~ COI 3 —9.66 4.76 0.06
~ Season (wet, dry) 3 -9.3 5.12 0.05
~ COI + Sex * Age 6 —7.88 6.53 0.03
~ COI + COI? 4 -7.35 7.06 0.02
~ COI + Sex + Age 5 —6.42 7.99 0.01
~ COI + Age 4 —5.42 8.99 0.01
Proportion of Day ~ COI + Sex 4 -170.35 0 0.92
Active ~ COI + Sex + Age 5 -165.28  5.07 0.07
~ COI + Sex * Age 6 —159.06  11.28 <0.01
~ COI 3 —155.97 14.38 <0.01
~ COI + COI? 4 —151.05 19.3 <0.01
~ Season (wet, dry) 4 —150.79 19.55 <0.01
+ COI + Sex
~ COI + Age 4 —150.64  19.70 <0.01
~1 2 —149.83  20.51 <0.01
Mean Inactive ~ Season (wet, dry) 7 490.84 0 0.95
Period + COI + Sex * Age
~ COI + Sex * Age 6 496.78 5.94 0.05
~ COI + Sex + Age 5 503.39 12.55 <0.01
~ COI + Sex 4 511.69 20.85 <0.01
~ COI + Age 4 527.77 36.93 <0.01
~ COI + COP? 4 529.01 38.17 <0.01
~ COI 3 536.19 45.35 <0.01
~1 2 550.10 59.26 <0.01
Activity State ~ Season (wet, dry) 7 258.73 0 0.76
Switches + COI + Sex * Age
~ COI + Sex * Age 6 261.50 2.77 0.19
~ COI + Sex + Age 5 264.88 6.15 0.04
~ COI + Sex 4 266.98 8.25 0.01
~ COI + Age 4 275.90 17.17 <0.01
~ COI + COI? 4 278.33 19.59 <0.01
~ COI 3 281.00 22.26 <0.01
~1 2 283.74 25.00 <0.01

dusk activity, as the top model was the null model (Table 2; Supple-
mentary Material, S4).

3.2. Influence of temporal and spatial variation in human recreation on
mountain lion activity

We did not find evidence that shifts in recreation between weekdays
and weekends influences diel activity for mountain lions. The null model
was the top model for each activity metric in the model comparison, and
when testing the global effect of the weekend effect on each metric, all
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intercept coefficients were < |0.03|and crossed zero (Supplementary
Material, Tables S3 & S5). We found no evidence that human recreation
in space (COI) increased or decreased the strength of the weekend effect
in any of the diel activity metrics measured for mountain lions, as the
null model was the top model for each set of model comparisons (Sup-
plementary Material, Table S3).

4. Discussion

Wildlife often employ antipredator behaviors in response to human
activities, even when such activities do not present a lethal threat (Frid
and Dill, 2002; Smith et al., 2021, 2024; Lasky and Bombaci, 2023).
When available, animals may select areas of lower human activity that
are perceived as less risky. However, animals in highly modified land-
scapes may have limited options to avoid humans and instead alter their
activity patterns to avoid times of high human activity (Frid and Dill,
2002). In densely populated areas of southern California, natural areas
are heavily used by recreationists, limiting the ability of mountain lions
to shift to landscapes with lower recreation overall; thus, it is not sur-
prising that we found evidence of mountain lions altering diel activity in
response to spatial variation in recreation.

As predicted, mountain lions in and around Los Angeles were more
nocturnal and less crepuscular in areas of high recreational activity. The
relationship between nocturnality and recreation was largely driven by
two adult male mountain lions, P22 and P41, who lived in the most
urban portions of the study area (Riley et al., 2021). Mountain lion P41
was the most nocturnal animal in our study area and occupied the
Verdugo Mountains, a small range bounded by freeways and intense
development, with high levels of recreation (COI = 0.60) that likely
influenced his activity patterns. Mountain lion P22 was the second-most
nocturnal animal and occupied the area with the highest levels of rec-
reation in our study (COI = 0.97 [adult]), with a home range in Griffith
Park surrounded by freeways and densely populated neighborhoods
within the city of Los Angeles. It is interesting that these two mountain
lions were the most nocturnal and apparently the most sensitized to
humans, as we might have expected the opposite pattern, where animals
in highly urban areas would become more habituated to humans
(Uchida et al., 2019) and be less likely to shift their diel activity.
However, habituation by carnivores may increase potential for conflict
with humans and mortality risk (White and Gehrt, 2009; Shimozuru
et al., 2020). Hence, the retention of fear of humans by urban carnivores
and individual abilities to alter activities in time (this study) or space to
avoid humans (Reilly et al., 2022) may be an important adaptive
response to enable co-occurrence with humans. The least nocturnal
mountain lion was P13, who had COI levels of 0.43 in her home range in
the central and western portion of the Santa Monica Mountains. Given
that mountain lions are typically active at night, the shift away from
crepuscular activity may be an easy means of responding to the diurnal
nature of human recreation, and is a pattern that has been identified in
other nocturnal and crepuscular species (George and Crooks, 2006;
Lewis et al., 2021; Lasky and Bombaci, 2023).

We also found that mountain lions were less active during daylight
and found marginal support for longer periods of inactivity during
daylight hours when near areas of high recreation. Mountain lions with
home ranges in areas with high recreation were inactive for approxi-
mately one more hour of the day as compared to individuals in areas of
low recreation. Our finding contrast with Wang et al. (2017), who found
that mountain lions in the Santa Cruz Mountains were more active
overall in developed areas, likely because they switched more frequently
between active and inactive states as compared to mountain lions in
more remote areas. Animals must spend a minimum amount of time
active every diel period to forage, travel, defend themselves, and rest,
but when already functioning at a minimum threshold, may shift timing
of activity rather than overall amount of activity (Lendrum et al., 2017).
The overall similarity in the amount of the diurnal periods that moun-
tain lions in and around Los Angeles were active may reflect that they
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have already reduced the amount of time they are active and are at their
minimum threshold of activity, such that recreation has little influence
on the overall amount of time they spend active. It is likely that
mountain lions in our study are therefore using nighttime activity to
help meet energetic needs.

Interestingly, female and male mountain lions showed differences in
responses to recreation, as females were more active during the day and
were active closer to sunrise than males. Male mountain lions are a
source of mortality for females and dependent kittens (Riley et al., 2014;
Benson et al.,, 2020), and females in this system show evidence of
avoiding habitats used by males (Benson et al., 2016b). Diel activity of
female mountain lions may be constrained by avoiding males such that
they do not exhibit as strong of a response to humans.

Counter to our predictions, mountain lions in our study did not
appear to alter diel activity on weekends, even when in areas of high
recreation. Our findings are consistent with other studies where the
weekend effect does not hold for nocturnal species due to limited
overlap with recreation in a 24-h period (Nix et al., 2018; Lewis et al.,
2021; Green et al., 2023). Further, we suspect that in Los Angeles, a
highly urban city, mountain lions may have developed a level of toler-
ance for the presence of human recreation (Uchida et al., 2019). Addi-
tionally, mountain lions have large home ranges, so because they adjust
their activity to spatial variation in human recreation (as demonstrated
in our study) they may not be sensitive to certain locations within their
home ranges having higher risk at specific times. Questions remain
about how individual variability in factors like diet, space use, and
overall exposure to humans may contribute to the impact of the week-
end effect.

Mountain lions showed phenotypic plasticity in their behavioral re-
sponses to recreation, however, the costs of this plasticity to their fitness
are unknown. Perceiving humans as a threat is essential for survival as
humans are the main source of mortality for mountain lions across
California (Benson et al., 2023), and around Los Angeles, vehicle strikes
are the most common cause of mountain lion mortality (Benson et al.,
2020). However, by treating recreating humans as a source of risk and
modifying their behavior as a result, mountain lions may experience
increased energetic or opportunity costs, as predicted by risk-foraging
theory (Smith et al., 2021, 2024). Mountain lions have large energy
requirements and experience challenges when hunting in developed
landscapes, therefore changes to diel activity may compound the
negative impacts of human disturbance on energy budgets (Wang et al.,
2017; Nickel et al., 2021). While some of the shifts in diel activity that
we measured appeared to be small (i.e., in areas of high human recre-
ation, mountain lions changed timing of peak dawn activity by an
average of 17 min), alterations to activity patterns for these mountain
lions occur within the context of contending with several other stressors
concurrently, including moving through densely populated neighbor-
hoods, crossing busy freeways and roads, and exposure to poisons
(Benson et al., 2020). Thus, recreation impacts on mountain lions may
be experienced as a cumulative stressor for this population, potentially
impacting individual physiology, movement, or hunting (Nickel et al.,
2021; Robertson et al., 2023; Smith et al., 2024). For example, in
response to a fire that burned 70 % of the Santa Monica Mountains and
Simi Hills, mountain lions increased space use and distance traveled,
likely expending more energy as a result, and were more active during
daylight hours (Blakey et al., 2022). However, several mountain lions in
and around Los Angeles, including P41 and P22, lived for a long time in
areas with high recreation and high development, so plasticity in diel
activity alone is unlikely to limit survival for individuals in this popu-
lation and likely enhances their ability to coexist with humans.

Many studies of urban carnivores focus on human-induced chal-
lenges such as habitat loss, infrastructure development, and lethal in-
teractions. Our results add to a growing body of literature which shows
that sub-lethal interactions with recreationists lead to behavioral alter-
ations in wildlife (Larson et al., 2016; Lasky and Bombaci, 2023), with
the potential to intensify the effects of urbanization. Our findings
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present both conservation challenges and reasons for optimism as nat-
ural areas around cities strive to provide protected habitat for wildlife
and offer recreation opportunities for people. A key component to
addressing these challenges is the extent to which plasticity in diel ac-
tivity in response to recreation results in demographic or fitness conse-
quences for wildlife. By building on our study and behavioral and
energetic modeling (e.g., Nickel et al., 2021), future studies can inves-
tigate whether mountain lions incur fitness costs from avoiding humans
in space and time in human-dominated landscapes. Additionally,
combining knowledge of adjustments in diel activity by individual
mountain lions with understanding of fine-scale habitat use relative to
variation in recreation may reveal strategies that enable animals to
persist in areas that are heavily impacted by humans. Further, this in-
formation can support protection of mountain lions and humans by
identifying key locations and times that serve as refuges for mountain
lions. In Los Angeles, all mountain lions experience some level of rec-
reation on a regular basis and are proactively altering diel activity to
avoid overlap with recreating humans, a behavior which may play an
important role in minimizing conflict.
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